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Introduction
The British Ice Sheet (BIS), which reached it maximum extent by 27 ka (Sejrup et al., 2005) , is of particular importance as an analogue for contemporary glacial systems (Clark et al., 2012) . Our understanding of BIS extent is relatively robust (Figure 1 ) as recent research (Sejrup et al., 2005; Bradwell et al., 2009b) has demonstrated the persistence of extensive off-shore ice cover and the extension of the Fennoscandian Ice Sheet across the North Sea as first reconstructed by Geikie (1894) and Croll (1875) respectively. However, due to limited direct evidence for these early assessments (Clark et al., 2012) , most reconstructions proposed that off-shore ice was extremely restricted, an assessment popularised by Bowen et al., (1986) , although this has been challenged by recent research (e.g. Scourse et al., 2009; Ballantyne, 2010) . BIS retreat was highly dynamic and spatially variable, as retreat fundamentally shifted from marine to terrestrial terminating margins (Clark et al., 2012) and was punctuated by major readvance events (Boulton et al., 2002) . As such, the geomorphological record is highly fragmented as ice expansion during readvance events such as the Wester Ross Readvance (WRR) (Ballantyne et al., 2009a) and Loch Lomond Stadial (LLS) (Golledge, 2010) reworked and removed previous evidence of BIS retreat; thus preventing the straightforward coupling of glacial and climatic records. Even though climatic datasets are available, of sufficient resolution, and cover an appropriate timespan to facilitate analysis of the geomorphological record (e.g. Lowe et al., 2008) , robust comparison is not possible without precise and accurate geochronometric dating to constrain the nature and timing of BIS deglaciation.
In response to this, many relative and radiometric dating methods have been used to form the basis for reconstructions of BIS retreat (Ballantyne, 2010; Chiverrell and Thomas, 2010; Clark et al., 2012) . The broad agreement of these studies suggests that they are relatively robust assessments, although the research community is not without disagreement (Bowen et al., 2002) . While the number of dated landforms is increasing (cf. A. Hughes et al., 2011) , it is clear that further dating is still necessary (Ballantyne, 2010) as many sites remain undated and our understanding of retreat is often based on a limited number of samples using methods which can produce erroneous or uncertain results. It is clear that the limitations of existing methods must be addressed and new methods developed to better reconstruct past events and further constrain glacial response times.
The primary method for dating glacial retreat is Terrestrial Cosmogenic Nuclide Dating (TCND) which measures rock surface exhumation based on the spallation of upper atmospheric cosmic rays, which fragment target elements (Balco, 2011) and form radioactive isotopes (Briner, 2011) . The application of TCND to boulders deposited on moraines (e.g. Dortch et al., 2010a; Wilson et al., 2013b) and bedrock surfaces (e.g. Stone et al., 1998; Dortch et al., 2010a,b; Glasser et al., 2012; Hughes et al., 2016) can provide a direct age for glacial landforms. Despite the widespread application of this technique (Cockburn and Summerfield, 2004) , there are numerous sources of error in calculating TCN exposure ages and many methodological uncertainties which are still to be addressed (Applegate et al., 2012; Mackey and Lamb, 2013, Owen and Dortch 2014) . In particular, nuclide production rate variation due to altitude and latitude necessitates the use of scaling schemes to calculate site specific production rates. Further research under the CRONUS-Earth Project (Phillips et al., 2015) and the widespread application of new exposure age calculators (Marrero et al., 2015) may provide a consistent method for data generation although currently, the choice of appropriate scaling scheme remains uncertain.
The single largest source of uncertainty that leads to scattering of TCN ages is geologic uncertainty (Dortch et al., 2013) which includes processes that affect sample stability (Bursik, 1991) , moraine stabilisation (Ivy-Ochs et al., 2008; Dortch et al., 2009) , transient or topographic shielding (Dunne et al., 1999) , inheritance (Putkonen and Swanson, 2003) and weathering rate variation (Colman, 1981; Sjöberg and Broadbent, 1991) . Therefore, although the development and application of TCN dating has been effective in constraining the timing of BIS retreat, it is clear that researchers should be cautious in their interpretation of exposure ages and employ statistical analysis to identify outliers (Hallet & Putknonen, 1996; Briner et al., 2005; Heyman et al., 2013) . The greatest barrier to isolating and correcting many of these uncertainties is the cost of TCN dating, which prevents high sample studies and statistically robust identification and rejection of erroneous results (Dortch et al., 2013) . Careful geomorphological analysis and the use of multiple isotopes can go some way to addressing these issues although this timeconsuming approach is not always successful. TCN dating is a powerful geochronological tool but its associated uncertainties necessitate further empirical testing and refining of the method. High cost and limited facility resources demonstrate that the development of cost efficient methods is crucial to augment TCN dating studies in the pursuit of more detailed studies (for example, asynchronous ice sheet lobes).
Moving beyond relative dating, this study will establish Schmidt hammer exposure dating (SHED) as an effective method for numerical dating of glacial landforms in the UK by adopting a multi-site and multi-lithology calibration using TCN exposure ages. A lithology specific calibration curve is extended beyond 20 ka and applied to undated surfaces in a region well dated using other methods to demonstrate the validity of SHED. By combining a methodological and practical approach, this study not only provides the foundation for further application of SHED but can test and validate geomorphological interpretations and further our understanding of BIS retreat. Ultimately, we show that SHED can provide a direct age for glacial landforms and is of comparable accuracy and precision to TCN dating while providing immediate and cost efficient results.
2.
Study area TCN dated surfaces were identified and sampled based on 11 published articles, with 89 samples located in Scotland, the majority of these north of the Cairngorms including samples from Skye, Torridon and the Orkneys, Scotland. Two further sampling sites are located on Shap Fell, NW England and on the Aran Ridge, N Wales (Figure 1 ). Although climatic variation is evident between these regions, particularly for the drier sites in North East Scotland, the majority of sites are typically wet, often in excess of >3000mm/yr and certainly greater than 2000mm/yr (Met Office, 2015) . Samples were obtained from a range of depositional and erosional environments including moraines, roches moutonnées and summit and corrie blockfields, with contrasting topographic settings, between 21m a.s.l. in Slapin Bay, Skye (Small et al., 2012) to 928m a.s.l. on Maol Chean Dearg, Torridon . Topographic variation may play a key role in localised precipitation (Ballantyne, 1983; Brundson et al., 2001) . The use of a statistically large dataset is necessary to analyse whether SHED can be applied in regions of similar climate or identify whether local climatic and topographic settings result in non-linear weathering over regional spatial scales. Sampling was focused on five lithologies; granite, sandstones, gneiss quartz and Ordovician felsic ash-flow tuffs. Adopting a multi-lithology and multi-landform approach is of particular value as this study is the first attempt to establish SHED in the UK.
Methods

Review of Schmidt Hammer methods
The 'N' type Schmidt hammer employed in this study was first applied to glacial environments in the 1960s (Goudie, 2006) and records a rebound value (R Value), a measure of how far a piston rebounds after being fired at a surface. Harder rocks will result in higher R values (Aydin and Basu, 2005) . The use of the Schmidt Hammer as a relative dating tool was established by Matthews and Shakesby (1984) and is based on the principle that surfaces which have been uncovered for longer periods of time will be relatively softer than surfaces which have been uncovered recently. Relative dating has been largely limited to Holocene surfaces (e.g. Evans et al., 1999; Shakesby et al., 2011; Rode and Kellerer-Pirklbauer, 2012) with only a few attempts to extent the method beyond 10 ka. This restricted scope is of little value from the perspective of studying the BIS as retreat pre-dates the Holocene.
Lithology is an important precursor to Schmidt hammer testing as variance between weak and strong lithologies is highly significant (Selby, 1993) . Given the importance of lithology in determining R values, relative dating can only be applied to single lithologies (Winkler, 2005) and has been limited to single site studies (valley -mountain range scale), as variation in climate may drive changes in physical and chemical weathering rates and result in non-linearity over larger spatial scales. The technique is relatively precise, able to differentiate between deposits at ±300 yr (Matthews and Shakesby, 1984; McCarroll, 1987) and up to ±100 yr intervals (Evans et al., 1999) .
However, the Schmidt Hammer is sensitive to surface discontinuities and rock moisture and surface moisture content (Viles et al., 2011) . Rock moisture is unlikely to have a significant impact within the confines of this study due to the ubiquitous >2000mm/yr precipitation rates, as the 2-10 point R value variation identified by was between 'oven dry' and 'fully saturated' samples. The variation in the highly precipitous mountainous regions of the UK is unlikely to be as significant. However, surface moisture content may be of greater significance as it can alternate stochastically within short timescales and can result in an observable difference in R values (Viles et al., 2011) .
To avoid anomalous results, procedures as outlined by Viles et al., (2011) must be followed. The Schmidt hammer should be used perpendicular to the surface (Aydin, 2015) , avoiding rough, irregular (Williams and Robinson, 1983) and lichen covered surfaces (Matthews and Owen, 2008) , which significantly reduce R values, while restricting sampling to horizontal surfaces and blocks of sufficient size, typically in excess of 25kg Demirdag et al., 2009) . However, there are contentious issues, particularly in regards to operator variance, deemed insignificant by Day and Goudie (1977) . In contrast, Viles et al., (2011) show that R value variation between researchers for the original 'N' type Schmidt Hammer can be significant but varies before (p = 0.00) but not after (p = 0.10) carborundum treatment, which removes surface irregularities. However, variation in this test was highly influenced by significantly higher readings by one operator (Viles et al., 2011) . In this study, all surfaces were sampled by one author (Tomkins) and therefore results are internally consistent. Clearly, further work on the impacts of operator variance needs to be undertaken.
Additionally, there is no consensus on how many R values are necessary on each surface (Table-1 ; Goktan and Gunes, 2005) . Given the sensitivity of the tool to surface discontinuities, moisture content and surface texture, a sufficiently large dataset, typically greater than 25 R Values for weak and moderately strong rocks (Selby, 1980) is necessary to permit rapid identification of anomalous results (Shakesby et al., 2006) . We follow the methods of Niedzielski et al., (2009) who provide statistical analysis for 14 key lithologies and show that the minimum sample size requirement varies significantly between lithologies. For this study, 30 R values were recorded for each sampled surface, irrespective of lithology, as this ensured that even coarse surfaces generated statistically significant results and eliminates the need for carborundum surface preparation while removal of the lowest values was not undertaken as this "produces different effects and is generally not recommended" (Niedzielski et al. 2009 ).
Schmidt hammer exposure dating (SHED)
SHED has been undertaken in New Zealand (Winkler, 2009; Stahl et al., 2013) , Portugal (Sánchez et al., 2009) and Norway (Matthew and Owen, 2010; Matthews and Winkler, 2011) and requires independent dating controls to generate R value calibration curves. These previous studies have used a limited number (n=9) of TCN exposure ages as calibration points (Winkler, 2009 ) while Matthews and Owen (2010) based their calibration on two control points, one dated to the Little Ice Age at 100 ± 50 yr based on lichenometry (Matthews, 2005) and the other dated to 9700 yr based on 14 C (Dahl et al., 2002; Matthews & Dresser, 2008) . This study adopts and advocates a different approach by sampling many TCN dated surfaces from published research in order to develop a robust calibration curve (Table-2 ).
The majority of previous studies focus solely on the Holocene, although the study by Sánchez et al., (2009) sampled surfaces beyond 100 ka. White and Brantley (2003) suggest that weathering rates decline exponentially through time, thus glacial boulders from Holocene deglaciation would exhibit significantly lower R values compared to surfaces recently uncovered (< 100 yr). Although the R value difference between 10-20 or 90-100 ka surfaces is likely to be of lesser magnitude, Sánchez et al., (2009) suggest that Schmidt Hammer methods may be applicable to surfaces beyond 100 ka. SHED can be of higher precision than TCN dating (Matthews and Owen, 2010) although it is not yet clear if this will be observed beyond the Holocene. Moreover, the precision of SHED will be, in part, limited by the precision of the technique used to develop the calibration curve.
Sampling
Procedure R values were collected for the following lithologies: granite (n = 38), sandstone (n = 36), gneiss (n = 10), quartz (n = 9) and Ordovician felsic ash-flow tuffs (n = 5). Sampling was limited to sites in which 2 or more surfaces had been dated as this ensured anomalous results could be more easily identified. Additionally, sampling was restricted to dates generated using Beryllium 10 ( 10 Be), the most commonly used isotope due to its straightforward decay chain.
A further 31 surfaces dated using Chlorine 36 ( 36 Cl) were sampled (Vincent et al., 2010; Ballantyne et al., 2009b; Wilson et al., 2013b) but are not considered in this study as many of the surfaces, in particular those dated by Ballantyne et al., (2009b) and Wilson et al., (2013b) , may be compromised by inheritance. Although the remaining 36 Cl surfaces (Vincent et al., 2010) conform to our current understanding of regional deglaciation (Clark et al., 2012) , significant variation between scaling schemes for this isotope is possible, often in excess of 50% (Schimmelpfennig et al., 2009 ) due to minor discrepancies in the calibration process Caffee, 2001, Licciardi et al., 2008) . Given the potential for these errors, 36 Cl samples are not included in this analysis but will be considered in future. As a result, three 10 Be surfaces from P. Hughes et al. (2012) and Wilson et al., (2013b) are not included in the analysis. Dated surfaces were located using maps from published papers, GPS data and sample photographs provided by researchers. However, some incorrect surfaces may have been sampled due to inaccurate GPS data recorded during the 1990s. The GPS Selective Availability (SA) feature, disabled in 2000, intentionally degraded civilian GPS accuracy by up to 100m. To compensate for this, the largest erratics which showed no sign of instability and were sufficiently removed from any nearby cliff faces were selected. Sampling surfaces in the correct location and from the correct lithology should be representative of the dated sample. In many cases, it was possible to identify direct evidence of sampling ( Figure 2 , particularly for Torridonian Sandstone surfaces where lichen growth was slowest (Ballantyne et al., 2009a) , but for other lithologies this was only possible for recent research (Kirkbride et al., 2014) .
R value and Age calibration
Having generated over 10,000 R values, the Schmidt Hammer may have lost condition (Goudie, 2006) . Testing of a specific Sandstone boulder at the start and end of sampling indicated a four point difference (June 2013, 48.08 ± 0.82 -December 2014, 44 ± 1.05). The data were compiled chronologically and thus, it was possible to calibrate each individual R value to correct for temporal changes in spring tension. It was assumed that the tool deteriorated linearly through time which yields an average reduction per R value of 0.00083%.
The CRONUS Earth Calculator ) was used to recalculate all 10 Be ages with reference to the Loch Lomond Local Production Rate (LL LPR) (Fabel, D., pers. comm. 2014) which is based on 10 Be concentration in samples from boulders on a Younger Dryas moraine and independently constrained by 14 C . This production rate (3.92 ± 0.18) minimises scaling uncertainties that are present in global scaling schemes (Balco, 2011) . Although other local production rates are available, including the North West Highlands LPRs (NWH) of Ballantyne and Stone (2012) , these have not been independently dated and assume retreat of Younger Dryas glaciers between 11.6-12.2 ka based on rapid warming observed in climate records (Brooks and Birks, 2000; Brooks et al., 2012) at the onset of the Holocene. Ages referred to in this study are based on the St time-independent scheme (Lal, 1991; Stone, 2000) assuming 0 mm erosion. Recalibrated LL LPR ages are on average 14.3% older than ages based on global production rates.
Incomplete/incorrect data
Samples from Stone et al., (1998) , and Bradwell et al., (2008b) did not incorporate or provide data for topographic shielding. Values were generated using a python code developed by Li (2013) based on an OS Terrain 50 DTM available from Edina Digimap and calculated using ArcGIS, with an azimuth interval of 10° and elevation interval of 5°. Additionally, some studies did not include reference to sample density or thickness. The latter was assumed to be 5cm (Darvill, 2013) as below this, cosmogenic nuclide concentrations rapidly decrease and nuclide production is quickly dominated by muonic reactions rather than nucleonic spallation (Gosse and Phillips, 2001) . For sample density, lithology specific values from other publications were used although exposure ages are unlikely to change significantly due to these variables. Granitic rocks from Glen Eaniach were assumed to be 2.7 g cm -3 based on the values in nearby Coire an Lochain (Kirkbride et al., 2014) while Sandstone bedrock from An Teallach (Stone et al., 1998 ) was assumed to be 2.6 g cm -3 based on the bedrock densities inferred by Ballantyne et al., (2009a) near the Redpoint and Gairloch moraines. For Gneissic boulders on the Wester Ross peninsula, dated by , the nearest analogue is those found on the Orkneys by Phillips et al., (2008) , and the density of these samples, at 2.4 g cm -3 is applied here.
The CRONUS Earth recalibrated age for SHAP-03 (20.05 ± 1.15 ka) may be inaccurate. LL LPR ages are typically 6.8-7% older than exposure ages derived from the North West Highlands 11.6 ka LPR (Ballantyne et al., 2014) , which SHAP-03 is significantly older (13.4%). Additionally, NWH 12.2 LPR and LL LPR ages are almost identical (Ballantyne, C., pers. comm. 2014) . This is observed for the other SHAP samples (Maximum difference of 0.4%). The 8.2% increase for SHAP-03 is therefore a major anomaly. This error is unlikely to be associated with CRONUS Earth as it would be observed for all samples. Therefore, it is suggested that the 10 Be concentration may have been reported incorrectly. To address this, SHAP-03 has been calibrated by dividing the reported age by the NWH 11.9 production rate (4.09) and multiplying by the new production rate for the LL LPR (3.92) to generate an age of 18.78 ± 0.9 ka (Ballantyne, C., pers. comm. 2014 ). The increase from NWH 11.6 to LL LPR (6.1%) is in better agreement with Ballantyne et al., (2014) although does differ more from the NWH 12.2 age (1.2%) than the other SHAP samples. Unfortunately, it is not possible to generate accurate uncertainties using this method, so the original uncertainty as reported by Wilson et al., (2013c) is used. As such, rigorous calibration using the CRONUS Earth calculator is the recommended method for 10 Be age calibration.
Rejection of young/old ages
Of the 98 dated surfaces sampled in this study, 22 samples were not accepted as the results may have been compromised by inheritance (n = 6), overturning (n = 3), transient shielding or site disturbance (n = 4) or when Schmidt hammer testing was incorrectly conducted on unsuitable glacially polished or Quartz rich surfaces (n = 8). Additionally, sample WH1 from Phillips et al., (2008) (19.67 ± 1.19 ka, R value: 27.64 ± 0.48) was not included in the sandstone lithology regression. This sample was anomalously soft compared to all other sandstones in excess of three standard deviations. The full dataset is presented in Table 1 .
4.
Results and discussion 4.1. R Value-Exposure Age Relationships For many lithologies, the expected age-hardness relationship is not observed (Figure 3 , Table 3 ). Sandstone, quartz, gneiss and Ordovician felsic ash-flow tuff do not have significant correlations, which indicates that 'numerical' dating using the Schmidt Hammer would be of little value. However, a statistically significant relationship is evident for granite surfaces (R 2 = 0.81, p = <0.01) and derived from a statistically acceptable dataset (n = 25). In order to test the validity of this calibration, SHED was applied to undated granite surfaces on Shap Fell, NW England with the results compared with other data sources (TCND, OSL) and discussed in the context of our understanding of regional deglaciation. However, before these results are presented, it is necessary to acknowledge some limitations of this study and discuss the suitability of each lithology to SHED.
As this study relies on previously dated surfaces, the application of SHED to Holocene and pre-LGM deposits is limited. Given the extent of the BIS at its maximum (Bowen et al., 1986 , Serjup et al., 2005 , pre-LGM deposits are found only in the south-east and tend to be poorly preserved in the landscape (Rose, 2009) . Additionally, much of the evidence for pre-LGM glacial stages is inferred from tills (Hamblin et al., 2000) , outwash deposits (Rose et al., 2001) and offshore records (Holmes, 1997) which are not often dated using TCND, although studies by Balco and Rovey (2008) and Dehnert and Schlüchter (2008) demonstrate the value of applying this method to sedimentary deposits. However, there have been few attempts to constrain the southern limit of the BIS using this method (Ballantyne, 2010) . While there are exposure ages that pre-date the LGM, they are either highly inaccessible (Everest et al., 2013) or have such significant levels of uncertainty (Bowen et al., 2002) that is not clear if they are truly representative of deglaciation. In this study, only seven samples are dated to older than 20 ka.
Additionally, no surfaces were sampled which post-date the Loch Lomond Stadial and only five samples were within this interval. This is despite significant evidence for LLS landforms and deposits (Sissons, 1979) although the number of TCN exposure ages related to this glacial readvance is remarkably low. LLS deposits have been dated in Cwm Idwal, North Wales (Phillips et al., 1994) , Keskadale, Lake District, (P. Hughes et al., 2012) and in Scotland on Hoy (Ballantyne, 2007a) , in the Grampians (Golledge et al., 2007) and Galloway Hills (Ballantyne et al., 2013) and in Coire an Lochain (Kirkbride et al., 2014) . However, the vast majority of published TCN exposure ages pre-date the LLS. Of the ~160 exposure ages reviewed in Ballantyne (2010) , only 9 were directly attributed to the LLS, with 6 further samples from Lough Acorrymore, Ireland (Bowen et al., 2002; Ballantyne et al., 2008b ) exhibiting a complex deglaciation history.
Recent publications have attempted to date Holocene glacial advances. In particular, the study by Kirkbride et al., (2014) and its companion piece by Harrison et al., (2014) infer 'Little Ice Age' (Mann et al., 2009 ) glaciation in the Cairngorms. Further Holocene exposure ages have been reported for rock slope failures (RSF) throughout Scotland (Ballantyne et al., 2014) although less than 1/3 of these are associated with debuttressing during deglaciation. These are the only studies which report accurate Holocene exposure ages in the UK. This contrasts markedly with other SHED studies in Norway (Matthews & Owen, 2010) and New Zealand (Winkler, 2009 ) which focus solely on Holocene deposition, and compare very recent deposits (< 0.1 ka) with early Holocene landforms. While the age range of this study and the previously mentioned publications is similar (~10-15 ka), the timeframe for that age range is key, given the exponential decline in weathering rates through time (White and Brantley, 2003) . This is supported by evidence from Sanchez et al., (2009) and Stahl et al., (2013) as the magnitude of R value reductions decreases through time. While SHED is perhaps most effective at dating recent glacial deposits (< 10 ka), this study has shown that it can be extended beyond 20 ka for granite surfaces. It is clear that further testing of LLS equivalent and Holocene surfaces in northern Europe is a priority for further research, but it is acknowledged that extending this method beyond 25 ka in the UK is unlikely given the extent of the BIS at its maximum. The testing and application of SHED in reasonably well-dated regions (>1800 TCN ages) with multiple glacial cycles (<400 ka) preserved in the landscape (e.g. the Himalaya) is an important step in establishing SHED as a key geochronological tool (Dortch et al., 2013; Owen and Dortch, 2014) .
Cosmogenic Uncertainty
This study also treats TCN exposure ages as 'absolute ages' but this infers a level of accuracy and precision which is often unwarranted. While samples affected by inheritance, site disturbance, reworking or transient shielding have been omitted, significant errors (1-2 ka) are possible. Thus, some exposure ages used in this study may be challenged by future research. For all dated samples used in this study TCN exposure ages have a mean uncertainty of ± 1.3 ka. The uncertainty associated with the clustering of ages is typically greater than individual age uncertainties. Significant uncertainty encourages researchers to informally match glacial deposits to high magnitude climatic drivers (Blaauw et al., 2007) but this level of uncertainty is unacceptable for short term glacial events such as the WRR or LLS as the range of uncertainty exceeds the range of the climatic event. While the establishment of LPRs has generated more precise exposure ages, it is not clear if further improvements are possible. While TCND is an effective method for dating glacial landforms, it must be acknowledged that its moderate precision adds an element of uncertainty which is currently difficult to address.
Lithological Suitability 4.3.1. Granite
SHED of granitic surfaces is particularly promising as a clear R value-exposure relationship is evident ( Figure 3A) , indicating that this lithology weathers linearly over significant spatial scales and for regions of similar climate. Samples are relatively young (< 25 ka) and were free from deformities (e.g. cracks). Granite samples were also collected from a range of altitudes (21-928m a.s.l.). Furthermore, the impact of altitude is not evident in our data. For all granite surfaces, there is no R value-altitude relationship (R 2 = 0.01, p = 0.71). This contrasts with research by Ballantyne et al., (1998) who found appreciable variation in R values above and below weathering limits for Torridon sandstone although this perhaps reflects the preservation of the landscape beneath cold-based ice and not R-value variation as a result of enhanced weathering with altitude. However, when 9 high altitude samples (895-928m) from Coire an Lochan (Kirkbride et al., 2014) are removed, a clear relationship is evident (R 2 = 0.82, p = <0.01), implying a causal link between R values and altitude. However, a stronger relationship is observed between sample altitude and deglaciation age (R 2 = 0.89, p = <0.01). As such, this indicates that the potential link between altitude and R values is simply a function of deglaciation age, as low lying samples underwent deglaciation last, resulting in higher R values than midaltitude samples, which underwent deglaciation earlier and are proportionally harder. Additionally, although granites may vary in 'base' hardness (Goudie, 2006) , e.g. between Cairngorm (Brook et al., 2004) and Shap granite (Day and Goudie, 1977) , these results suggest that granites are relatively homogenous in texture and mineral assemblage, which leads to timedependent weathering rates which are consistent between granite source areas.
However, not all granites are suitable to SHED. In particular, the quartz-rich pegmatite erratics in Glen Eaniach are not internally consistent (R 2 = 0.19, p = 0.39) and fit poorly with the established calibration. These surfaces may weather particularly slowly or even non-linearly given the inappropriateness of quartz to SHED.
Sandstone
Sampling of sandstone surfaces has shown that there is no relationship between R values and exposure ages ( Figure 3B ). Weathering of Sandstone is evident (Turkington & Paradise, 2005) with time-dependent variation in edge-roundness (Kirkbride & Bell, 2010 ) but this clear relationship does not appear to have any appreciable effect on R values, despite a smooth surface texture and limited lichen colonisation. As there is evidently no link between R values and exposure ages, Sandstone is clearly not suitable for SHED over large spatial scales. Non-linear weathering of Sandstone surfaces, meso-micro scale variation in weathering processes, or casehardening due to carbonate precipitation must account for some of the R value variability, as it not explained by any factor considered in this study.
Quartz
Surface texture and mineralogical content are key factors in determining the rate and magnitude of rock surface disintegration. In particular, quartz exhibits limited R value variation (Owen et al., 2007) as it is thermodynamically stable and therefore is particularly resistant to chemical weathering ( Figure 3C ; Pope, 1995) . Additionally, its strong crystalline silicate structure (SiO 2 ) ensures that physical weathering occurs at a much slower rate than other minerals, as it is less sensitive to granular disintegration. While it is affected by freeze-thaw cycles (Schwamborn et al., 2012) and does undergo weathering, as the differential lowering of Quartz veins indicates (Owen et al., 2007) , it does so slowly that the high magnitude 'noise' generated by the Schmidt Hammer, due to differential surface texture, moisture content, discontinuities or lichen cover, obscures the low magnitude signal from weathering (Figure 3Cc ). Moreover, quartzite and quartz veins break down along fractures that can be several centimetres in thickens, which would lead to a stochastic signal in TCND ages and make R Value calibration difficult.
Gneiss
The unsuitability of gneiss to SHED ( Figure 3D ) can be attributed to surface texture. Gneiss is predominantly coarse grained (Feuten et al., 1991) and as the Schmidt Hammer is most effective when applied to flat, planar surfaces (Williams & Robinson, 1983) , it is inferred that the significant R value variation evident in this study (range = 15.1) is representative of the highly variable surface texture and not a function of weathering through time. Gneiss is also highly variable in its mineralogical content (Marshak, 2009) and therefore, this lithology is particularly unsuitable, as there is considerable variability both between gneissic surfaces, due to mineralogical content, and on individual surfaces, due to its coarse grained texture.
Ordovician felsic ash-flow tuffs
Unfortunately, despite relatively consistent R values and TCN ages, the data are not internally consistent, indicating that this lithology is unsuitable for SHED numerical dating ( Figure 3E) . A simple explanation is that the 10 Be ages were derived from quartz veins (see Glasser et al., 2012) while R values were generated from the surrounding bedrock although theoretically, this should have little impact, as the bedrock and quartz veins should have undergone deglaciation concurrently. Another possibility is wide variability in the physical properties of the felsic ashflow tuffs, which also occur in association with intrusive and extrusive rhyolites (Glasser et al., 2012) The sample size for felsic ash-flow tuffs was relatively small (n = 5) and recent TCN ages from this and related lithologies has recently become available (Hughes et al., 2016) . As new TCN data becomes available, the efficacy of SHED numerical dating on different lithologies can be explored further in the coming years.
5.
Implementing SHED 5.1. Case Study As a first step to apply the SHED method presented this study, 31 undated Shap granite erratics were sampled from Shap Fell, NW England (Figure 4, Table-4) . This site is useful for a number of reasons. Firstly, there are numerous granite erratics derived from the nearby Shap granite pluton (Wilson et al., 2013c) . Secondly, it is in region of similar climate but a significant distance from the majority of other tested granite samples in Scotland, thus providing an important testbed for SHED. Thirdly, the region is reasonably well dated with TCN dated samples on Shap Fell (Wilson et al., 2013c) providing direct dates for glacial retreat. OSL dating at New Close and Warton Crag (Telfer et al., 2009) can be used to indicate the commencement of ice free conditions further south. Dating using 14 C from Wray Bay (Coope and Pennington, 1977) , Ravenglass (Lloyd et al., 2013) , Hallsenna Moor (Walker, 2004) and St Bees (Coope and Joachim, 1980) and 10 Be TCN dating from Wasdale (McCarroll et al., 2010) are also useful and provide a timeframe for Lake District deglaciation to the west. Finally, and perhaps most importantly, accurate dating of Shap Fell deglaciation is key to the BIS as it retreated northwards from Shap Fell through the Vale of Eden (Clark et al., 2012) . This in turn determines the timing of retreat into the Solway Lowlands (Livingstone et al., 2012) and provides context for the development of an independent ice centre in the Galloway Hills (Ballantyne et al., 2013) .
Study site
Shap Fell exhibits numerous north-south oriented drumlins (Clark et al., 2004) , formed due to deformation of the basal till layer (Delaney, 2003) and representative of rapid ice flow (Alley et al., 1986) , as well as abundant meltwater channels (Arthurton & Wadge, 1981) . Although glacial deposits indicate that ice flow alternated during periods of internal ice sheet reorganisation (Livingstone et al., 2012) , the existence of oriented drumlin fields suggests the presence of an ice stream retreating northwards (Livingstone et al., 2008) .
A total of 32 samples were obtained from previously unmapped hummocks and drumlins, close to the erratic limit as identified by Clark et al., (2004) . These erratics are ~10km from the bedrock source and are sufficiently large (1-3m in length) to render post-glacial fluvial transport unlikely. The restricted distribution of these erratics could indicate post-depositional disturbance. However, any disturbance would be unlikely to affect rock hardness, unless significant rock breakup occurred. After excluding one outlier (CR-1), the R value consistency of these samples (37.6±1.1, average and mean absolute deviation) indicates that disturbance is not an important factor.
These erratics could have been deposited due to the breakup of an ice dammed lake. However, Clark et al., (2004) report no major ice dammed lakes in the Vale of Eden, in contrast to initial research (Jowett & Charlesworth, 1929) although early assessments are not verified by glacial deposits (Evans et al., 2005) . The only major glacial lake in the area was proglacial, and developed to the north before Scottish ice readvance at 16.8 ka (Livingstone et al., 2010a) . The minimum extent of this lake and ice front positions before 16.8 ka are shown in Figure 4 . While this was sufficient to flood the Solway Lowlands (< 1350km 2 ), a floodwater origin for the CR erratics is unlikely, as they are located over ~50km upslope. Flooding was more likely to the north and west as glacial retreat of the Scottish ice front could trigger rapid meltwater drainage. Therefore, we conclude these erratics are representative of glacial retreat.
Deglaciation
Based on SHED, Shap Fell underwent deglaciation at 16.5 ± 0.5 ka ( Figure 5A ; Table 4 ; uncertainty = mean absolute deviation). Modelling of BIS retreat indicates that Shap Fell underwent deglaciation between 17-18 ka (Clark et al., 2012) , after 16 ka (Livingstone et al., 2012) , at 16 ka (Hubbard et al., 2009) and after 15.5 ka (Evans et al., 2009 ). The result generated by SHED is in direct agreement with the youngest TCN date from Wilson et al., (2013c) of 16.5 ± 1.0 ka. If the OSL dates from Telfer et al., (2009) are accepted, this result suggests that deglaciation to the south of the coastal and upland regions occurred by 19.3 ± 2.6 and 16.5 ± 1.7 ka respectively although the level of uncertainty for these samples makes direct comparison with SHED ages difficult. The 14 C age of 17.8 ± 0.9 ka from Wray Bay (Coope and Pennington, 1977) indicates that lowland deglaciation in the Lake District predated BIS retreat from Shap Fell, although 14 C dates from coastal sites (Coope and Joachim, 1980; Walker, 2004; Lloyd et al., 2013) of 14.7-16.5 ka indicate that final deglaciation of the western Lake District may have postdated Shap Fell retreat due to the readvance of marine ice during the Killard Point Stadial (McCabe et al., 2007b) . The close correlation of two datasets (SHED, Wilson et al., 2013c) which are in agreement with the timeframe for deglaciation provided by modelling, is sufficiently strong to narrow the possible age range of deglaciation at Shap Fell to 16.5 ± 0.5 ka ( Figure 5B ).
For granitic lithologies, individual calibrated SHED ages and uncertainties (mean uncertainty = 1.5 ka) are comparable to the 1.1 ka mean uncertainty from TCND (Wilson et al., 2013c) . Moreover, our SHED ages in aggregate provide the strongest estimate for deglaciation simply due to the number of samples (n = 31), which highlights the value of low-cost high-sample volume dating.
Despite the R value consistency of these erratics, sampling of a sufficiently large number of surfaces (>20) is still necessary, as anomalous results (e.g. CR1) can occur. SHED of Shap granite is of particular value as this lithology is an important marker erratic (Evans et al., 2005) given its restricted source area, but widespread local and regional distribution. It is commonly found in the Vale of York (Letzer, 1978) and indicates that ice from Scotland and the Lake District breached the Pennines through the Stainmore Gap (Catt, 2007) . Therefore, SHED could be applied to these erratics to constrain the timing of Yorkshire deglaciation and indicate the extent to which North Sea ice shelves extended inland (Davies et al., 2009; Clark et al., 2012) and delayed terrestrial deglaciation, or if they were confined to the periphery of the landmass (Everest et al., 2005) .
6.
Conclusions This study has established SHED as a viable and cost efficient technique for dating of glacial landforms in the UK. SHED works effectively for granite surfaces and may be applicable beyond 20 ka although further sampling of LLS and Holocene surfaces is recommended. Fieldwork is time consuming, as many samples are required to generate statistically significant results. However, the cost of TCND and the potential for significant errors means that the choice of sampling site is critical (Ballantyne, 2010) . This is less important for SHED as multi-sample studies permit straightforward identification of anomalous results, while data can be quickly compiled and analysed. Importantly, it is capable of providing direct ages for landforms and is applicable to many glacial environments, and thus has clear advantages over other techniques which provide indirect or minimum ages ( 14 C, OSL). This study should provide the foundations for and encourage future applications of SHED.
However, accurate SHED is completely dependent on the correct calculation of calibration curves as minor errors can significantly alter the calculated exposure age. Previous studies have used a limited number of calibration points but given the potential for geological uncertainty, relying on sparse and isolated control points and assuming a linear relationship between them is not recommended and sampling of multiple dated surfaces is necessary. In this study, we show that this strategy is effective, as a robust granite calibration curve has been applied in a region of similar climate and generates results that conform to our understanding of regional deglaciation. The retreat of the BIS from Shap Fell at 16.5 ± 0.5 ka has now been dated using both TCND and SHED, and fits well with a regional pattern of deglaciation established using OSL and 14 C dating. This study has shown that SHED can provide independent verification of existing results. However, of greater value will be its application to poorly dated regions where it may provide a cost efficient and reliable first estimate of deglaciation. Bowen et al. (1986) and updated extent from Sejrup et al. (2005) . Coope and Pennington (1977) , Joachim (1980), Walker (2004) , Telfer et al. (2009 ), McCarroll (2010 , Wilson et al. (2013c) , Lloyd et al. (2013) . Erratic source areas, erratic limits and drumlins after Clark et al. (2004) and ice front and Blackhall Wood lake extent from Livingstone et al. (2010) . Figure 5 : A) Plot of 32 SHED ages after calibration from R Value to numerical age (black dots with error bars). The mean and absolute mean deviation is shown by red dot and error bars with limits marked by a horizontal grey bar. B) Comparison of TCND (green), OSL (blue) and 14 C (black) ages with the SHED mean age (red) and associated error bars for NW England. Green horizontal bar denotes preferred TCND age range from Wilson et al. (2013c) . Horizontal grey bar marks the age range of the SHED mean age. Note the overlap between methods and the reduction of uncertainty provided by the SHED method. 
